[Purpose] The aim of the present study was to determine whether the expression of mitogenactivated protein kinase (MAPK) isoforms is related to cast-immobilization-induced atrophy in rat skeletal muscles.
INTRODUCTION
Skeletal muscle generally constitutes about 40% of the body weight in humans and is the major protein reservoir in the body. Skeletal muscles exhibit very high plasticity and show the ability to adapt to changing functional demands 1) . Muscle a t r o p h y o r m u s c l e w a s t i n g i s a c o m m o n phenomenon that is characterized by the loss of muscle protein and can occur due to muscle disuse, malnutrition, metabolic disease, and aging 2) . The structural and functional consequences common to all forms of atrophy are decreased muscle mass and cross-sectional area, attenuated contractile force, increased fatigability, and increased insulin resistance 1) . A number of protein ligases such as atrogin-1, which is also called muscle atrophy F-box (MAFbx), and muscle-specific RING finger-1 (MuRF-1) are involved in the development of skeletal muscle atrophy 3) . The activities of these ligases are tightly regulated by intracellular signal transduction. Studies performed using cultivated cells and muscle tissues of rodents have suggested that the transcriptional regulation of MAFbx and MuRF-1 are controlled by the signaling pathway of a serine/threonine kinase, protein kinase B (PKB)/ Akt. Several reports have suggested that attenuation of the PKB/Akt signaling pathway can lead to muscle atrophy 3) .
Mitogen-activated protein kinases (MAPKs) are a family of serine/threonine-specific protein kinases that include extracellular signal-regulated kinase (ERK) 1/2, p38 MAPK, and stress-activated protein kinase/c-Jun NH 2 -terminal kinase (SAPK/JNK) 4, 5) . MAPKs play central roles in the intracellular signal transduction initiated by extracellular stimuli such as growth factors, neurotransmitters, and hormones 6, 7) . ERK1/2 is primarily involved in anabolic processes, cell division, growth, and differentiation through activation of several nuclear transcription factors. SAPK/JNK and p38 MAPK are usually associated with cellular responses to various stresses such as hyperosmolarity, proinflammatory cytokines, and shear stress 4, 5) . In particular, the ERK1/2-related pathway enhances protein synthesis by phosphorylating the eukaryotic translation initiation factor 4E (eIF4E) through its downstream kinases such as MAPK-activated protein kinase1 8) . ERK1/2 regulates the activity of transcription factors in response to diverse systemic stimuli, including insulin and insulin-like growth factor-1, and local stressors such as skeletal muscle contraction 9, 10) . SAPK/JNK and p38 MAPK are also activated by exposure to environmental stress or stress signals such as muscle damage, pathologic state, and stretching of skeletal muscle 11) . We previously reported that the starvation-induced e l e v a t i o n o f M u R F -1 ex p r e s si o n i n c a stimmobilized muscle tissues and cells is regulated by p38 MAPK 25) . However, the differential functions of MAPK isoforms in skeletal muscle dysfunction, especially during atrophy, are not fully understood.
We hypothesized that the expression of MAPK isoforms is related to the immobilization-induced muscle-mass diminution in the gastrocnemius muscle of rats. To test this hypothesis, we examined the changes in the expression and activation of PKB/Akt, ERK1/2, p38 MAPK, and SAPK/JNK during the progression of castimmobilization-associated muscle atrophy in the gastrocnemius muscle of rats.
SUBJECTS AND METHODS
The present investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . All experiments and animal care procedures also conformed to the instituti onal guidelines established by Konkuk University, Korea. Male Sprague-Dawley rats (190-200 g, n = 24; Orient Bio, Korea) were housed in a temperature-and humidity-controlled room under a 12-hour light/ dark cycle. They were fed a standard commercial chow, and had ad libitum access to both food and water. For the attachment of the plaster of Paris c a s t , t h e r a t s w e r e a n e s t h e t i z e d w i t h a n intramuscular injection of ketamine hydrochloride (35 mg/kg) mixed with xylazine hydrochloride (5 mg/kg) 12) . The left hindlimbs of the animals were fixed at the hip, knee, and ankle joints with pads of cotton and plaster casts. The joints were fixed at their resting angles: 40° plantar flexion for the ankle, 125° for the knee, and an approximated resting angle for the hip. To prevent swelling of the foot due to venous occlusion, the skin overlying the upper limb was loosened. The foot was also covered by the cast to prevent ankle movement. The limbs were immobilized for 3 weeks, during which the rats were allowed to ambulate in large cages. Daily assessments were performed to obtain evidence of pedal edema and cast damage.
Excised gastrocnemius muscles were fixed in 4% paraformaldehyde and embedded in paraffin for histological analysis. Tissue samples were cut into 4-µm-thick sections and stained using hematoxylin and eosin (H&E) for general histological analysis. Section images were captured using an Olympus microscope equipped with a confocal system (FV-1000 spectra l) and analyzed using Olympus Fluoview software (FV10-ASW); the findings are expressed in terms of the total muscle cell area.
To measure kinase activity, gastrocnemius muscle strips were isolated after specific durations of cast immobilization and snap-frozen in liquid N 2 . The samples were then homogenized in a sample buffer containing 50 mM Tris-HCl (pH 7.4), 5 mM ethylene glycol tetraacetic acid (EGTA), 20 mM β-glycerophosphate, 1 mM NaF, 2 mM Na 3 VO 4 , 5 µm g/ml aprotinin, 5 µM leupeptin, 1% Triton-X 100, 10% glycerol, 300 µM phenylmethylsulfonyl fluoride, 5 mM dithiothreitol, and 150 mM NaCl. The homogenate was centrifuged at 14,000 × g for 10 min at 4 °C, and the supernatant was collected. The protein homogenates were diluted 1:1 (v/v) with sodium dodecyl sulfate (SDS) buffer and then boiled for 5 min. Proteins (30-50 µg/lane) were separated on 12% polyacrylamide SDS gels and t h e n t r a n s f e r r e d e l e c t r o p h o r e t i c a l l y t o a polyvinylidene fluoride membrane (Millipore; Bedford, MA, USA) 13, 14) . These membranes were incubated with phosphate-buffered saline containing 0.1% Tween-20 and 5% non-fat dried milk for 1 h and then incubated overnight at 4 °C with antibodies diluted 1:5,000 to 1:10,000. After incubation with horseradish peroxidase-conjugated anti-rabbit IgG (1:1,000) for 60 min, the blots were developed using an enhanced chemiluminescence detection system (Amersham). Anti-SAPK/JNK, anti-ERK1/2, anti-p38MAPK, and anti-Akt antibodies were purchased from Cell Signaling (MA, USA). Antibody-specific bands were quantified using an image analyzer (BioRad).
The data are expressed as means ± standard error (SE). The data for comparisons of pairs of groups were statistically evaluated using Student's t test and those for multiple comparisons were evaluated using analysis of variance (ANOVA). P values less than 0.05 were considered statistically significant.
RESULTS
We observed immobilization-induced atrophic morphological changes in the gastrocnemius muscle. As shown in Table 1 , compared to the weight of the control muscles, the muscle weight in the immobilized hindlimbs significantly decreased in a time-dependent manner. Similarly, we also observed differences between the muscle weight-tobody weight ratios for the cast-immobilized muscles and the control muscles. Also, the diameters of the muscle fibers from the castimmobilized muscles were markedly less than the corresponding values for the controls ( Table 1) .
To elucidate whether MAPK isoforms are associated with the skeletal muscle atrophy caused by cast immobilization, we investigated the effects of atrophy on the activities of PKB/Akt, ERK1/2, p38 MAPK, and SAPK/JNK in cast-immobilized gastrocnemius muscles. As shown in Table 2 , PKB/ Akt phosphorylation in the cast-immobilized gastrocnemius muscles was significantly lower than that in the control muscles (n = 7 for each 
i m m o n i l i z a t i o n p e r i o d ) . T h e P K B / A k t phosphorylation in the non-immobilized controls d i d n o t c h a n g e o v e r t i m e . T h e E R K 1 / 2
phosphorylation also showed diminution during cast immobilization (n = 7, Table 2 ). However, ERK1/2 phosphorylation was not significantly altered at day 3 after cast immobilization. In both non-immobilized and cast-immobilized muscles, the overall expressions of PKB/Akt and ERK1/2 did not change during the cast-immobilization period (Table 2) . We also determined the phosphorylation of p38 MAPK and SAPK/JNK during gastrocnemius muscle atrophy. Phosphorylation of p38 MAPK significantly increased during cast immobilization over that in the control muscles (n = 7, Table 2 ). In contrast, p38 MAPK phosphorylation in the nonimmobilized controls did not change over time. Also, the SAPK/JNK phosphorylation levels at 7, 14, and 21 days after cast immobilization were significantly higher than that in the control muscles (n = 7, Table 2 ). However, p38 MAPK and SAPK/ JNK phosphorylation were not altered at day 3 after cast immobilization. Similar to the results for PKB/ Akt and ERK1/2, the overall expressions of p38MAPK and SAPK/JNK were not altered during cast immobilization (Table 2) .
DISCUSSION
Skeletal muscle has remarkable capacity and plasticity and adapts to the changing functional demands of the anabolic and catabolic systems 15, 16) . Increased muscle loading during activity or physical exercise triggers signaling events that induce muscle hypertrophy. Likewise, decreased loading due to inactivity, malnutrition, food deprivation, or muscle injury triggers signaling pathways that induce skeletal muscle atrophy [15] [16] [17] . Skeletal muscle atrophy has been widely reported to be related to nutrient-deprivation conditions such as cell starvation and depletion of amino acids [17] [18] [19] . In this study, we confirmed that cast immobilization of rat gastrocnemius muscles significantly decreases the muscle weight, the muscle weight-to-body weight ratio, and the muscle cross-sectional area. These results are consistent with the atrophy characteristics presented in previous reports on rat skeletal muscles [20] [21] [22] . Both MuRF-1, which contains a RING-finger domain, and atrogin-1/MAFbx, which contains an F-box domain, are E3 ubiquitin ligases, which are known to initiate ATP-dependent ubiquitinmediated proteolysis and promote skeletal muscle atrophy 16, 23, 25) . Further, MuRF-1 and atrogin-1/ MAFbx are known to be major factors mediating muscle atrophy in a variety of cells and tissues 22, 25) . Some investigators have shown that muscle atrophy is mediated by both the PKB/Akt and SAPK/JNK pathways and that the atrophy-associated induction of atrogin-1 is regulated by the inhibition of PKB/ Akt activation 3, 22, 24) . Furthermore, it has been reported that upregulation of atrogin-1 and MuRF-1 in atrophied muscles are mediated by p38 MAPK and NF-κb, respectively 16, 25, 26) . However, the relationship between muscle atrophy and the phosphorylation of ERK1/2, p38 MAPK, SAPK/ JNK, and PKB/Akt has not been clearly determined. In the present study, our results show that cast immobilization of rat hindlimbs decreased the phosphorylation of PKB/Akt and ERK1/2. Our data for ERK1/2 phosphorylation is consistent with that of a previous report, in which an ERK1/2 inhibitor decreased muscle mass and elicited skeletal muscle atrophy 27) . In contrast, the phosphorylation of p38MAPK and SAPK/JNK increased during muscle atrophy. We presume these differences in the activities of MAPK isoforms are related to the differences in the functional properties of the isoforms. On this premise, these results indicate that p38 MAPK, SAPK/JNK, and ERK1/2 are differently regulated b y P K B / A k t a n d a r e i n v o l v e d i n t h e immobilization-induced muscle atrophy. PKB/Akt is activated by phosphoinositidedependent protein kinase and thereby activated upon translocation to the membrane 16) ; it also enhances the phosphorylation of transcription factors such as forkhead box class O (FOXO). PKB/Akt is bound to 14-3-3 proteins, and when the complex is translocated to the cytosol from the nucleus, protein synthesis is activated and MuRF-1 is inhibited 16, 28) . In various cell types, the absence of growth or survival signals inactivates PKB/Akt, thereby causing dephosphorylation of FOXO 28) . The diminution of PKB/Akt phosphorylation during cast immobilization may initiate FOXO activity and MuRF-1 upregulation 3) . In the present study, cast immobilization diminished the phosphorylation of PKB/Akt. Another study showed that PKB/Akt activation abolished the induction of atrogin-1 expression in skeletal muscle cells during fasting 3) . The p38 MAPK activation and ERK1/2 inactivation in skeletal muscle atrophy has been shown to be indirectly associated with the expression of MuRF-1 and is regulated by the activation of PKB/ Akt 25, 27) . The present study showed that PKB/Akt phosphorylation diminished at day 3 after cast immobilization, but changes in MAPK-isoform phosphorylation were not observed at this time, the morphological changes were manifested from day 7 after cast immobilization. These results imply that PKB/Akt activation is the first step in the muscle change occurring after cast immobilization, and this change is followed by alterations in MAPK isoform activity. Therefore, the changes in PKB/Akt activity are likely to have different effects on the activation of the ERK1/2 pathway and the SAPK/ JNK and p38 MAPK pathways, thereby mediating atrophy in response to cast immobilization.
In summary, the present study showed that the phosphorylation of PKB/Akt and ERK1/2 decreased and the phosphorylation of p38 MAPK and SAPK/JNK increased in cast-immobilized rat gastrocnemius muscles. The changes in PKB/Akt during cast immobilization were followed by activation of MAPK isoforms. These results suggest that cast immobilization-induced atrophy may be mediated by changes in the activities of ERK1/2, p38 MAPK, and SAPK/JNK and that PKB/Akt shows different effects on the MAPK isoforms in rat gastrocnemius muscles.
